also aimed to examine enzymes of muscle origin and compare them with traditional liver enzymes to determine correlations. The study hypothesis was that traditional serum biomarker levels of liver injury would significantly increase after participating in this race.
Methods
The Colorado Multiple Institutional Review Board and the Leadville Race Series approved this study. The study was conducted during the Leadville 100 ultramarathon in Leadville, Colorado, in August 2014. Data from weather stations near the course were used to determine the meteorological conditions during the race. Race temperature at the start (4:00 am) on August 16, 2014 , was 2°C with a light wind. The temperature rose to approximately 22°C, and the wind reached 16 km/h by late afternoon. The race day was dry with no precipitation and a mean humidity of 57% (range, 22%-92%). To successfully complete the race, runners had to pass the finish line before 10:00 am on the next day (30-hour cutoff). The weather was very similar on August 17, 2014. Participants were recruited during the prerace medical check-in meeting and at the postrace finish line. The study was open to all runners who were interested in participating. There were no exclusion criteria. There was no compensation for participating in the study, but athletes were informed of their test results. Runners consented before participating in the study.
Blood samples were collected on the day before the race and at the finish line whether the runners finished or dropped out of the race. Blood samples were collected within 30 minutes after the completion of the race or when they dropped out at the 50-mile aid station. The 50-mile aid station was the major drop out location for this race; therefore, we were able to collect samples from those who only made it this far. For the few runners who dropped out in the second half of the race and participated in the study, blood collection occurred within 2 hours of their dropout at the finish line, along with those runners who finished the race. A total of 3 mL of blood was drawn while seated through an antecubital vein into heparinized tubes. Samples were refrigerated and transported to the University of Colorado Hospital laboratory within 24 hours. Comprehensive metabolic panel and creatine kinase (CK) levels were measured. All prerace blood samples (n = 65) were within the normal limits. Runners' characteristics, medical histories, and race performances were available through online prerace/postrace questionnaires and other studies associated with the race.
Statistical Analysis
Statistical analyses were conducted using SPSS statistical software (version 23.0; IBM Inc). Descriptive statistics were used to examine the frequency, mean, median, and range for all variables. A Wilcoxon matched-pairs test for paired samples was used to assess the impact of the race on the data obtained in the 2 predetermined moments (pre-and postrace). As the postrace biomarkers (alanine aminotransferase [ALT], aspartate aminotransferase [AST], lactate dehydrogenase [LDH], CK, bilirubin) were not normally distributed (single-sample Kolmogorov-Smirnov test, P < 0.001), a nonparametric (samples sign test) analysis was performed, which showed the same results. A linear multiple regression model was used to determine the correlation between traditional liver injury biomarker level and runners' sex, age, body mass index (BMI), and race finish time. A P value of <0.05 was considered statistically significant. A linear regression model was used to determine the correlation between postrace traditional liver injury biomarkers, serum CK, and finish time for those who completed the race.
Results
Of 669 athletes who started the ultramarathon, 352 (53%) successfully completed the race by the 30-hour cutoff (Table 1) . Twenty-seven of the 36 runners who provided pre-and postrace samples were able to finish the race (75%). For these 36 runners, mean ALT, AST, and bilirubin levels were increased but there was no change in the mean alkaline phosphatase (ALP) level (Table 2) . Overall, a total of 112 runners volunteered to participate in the study. Of the total blood samples collected, 64 were collected prerace and 83 were collected postrace. No runners had elevated liver function tests at the beginning of the race. Of the 83 runners with collected blood samples after the race, 65 (79%) successfully finished the race. Postrace samples demonstrated that the majority of biomarkers were above normal range after the race (Table 3) . LDH was analyzed on postrace samples. Runners who were able to successfully complete the race demonstrated higher levels of ALT, AST, LDH, and bilirubin levels compared with those who were not able to complete the race (Table 4) . Using a linear multiple regression model, there were no statistically significant correlations between postrace ALT, AST, ALP, LDH, and bilirubin levels and athletes' age, sex, BMI, or finishing time. Postrace bilirubin, total protein, and ALP were not correlated with postrace CK levels ( Figure 1 ). There also was no linear correlation between finish times for those who completed the race and postrace ALT, AST, ALP, LDH, bilirubin, and total protein serum levels.
discussion
Ultramarathons can lead to increased serum biomarkers, including those traditionally for liver injury. [5] [6] [7] While LDH and CK are common biomarkers of skeletal muscle damage, 2, 4, 10, 12 AST and ALT are also in muscle cells and are released during breakdown. 10, 11 There are many hilly sections in the Leadville ultramarathon with changes in altitude. The eccentric contractions seen in downhill running contribute to more muscle breakdown than running on a flat surface. 2, 8, 10, 26 Debate has ensued as to the degree to which AST and ALT reflect liver versus muscle damage when measured in the clinical context of an endurance activity. Research has examined γ-glutamyltransferase (GGT) levels, a more specific test of liver damage. While 1 study demonstrated an increase in postrace GGT, 7 this was not seen in other studies. 1, 3 The current study was preliminary with a limited budget, and we were not able to measure GGT. The relative increase of AST to ALT suggests a more muscular origin, as ALT is more specific to the liver. 16, 17 The high significance of the linear correlation of CK with AST, ALT, and LDH also suggests a muscular origin.
Previous studies have measured changes in biomarkers reflecting hemolysis in endurance activities. 5, 9 Increases in bilirubin can occur and may be secondary to red blood cell breakdown and hemolysis. 7 There was a trivial increase in bilirubin level that was nonsignificant compared with baseline. Overall, this study supports a greater contribution of muscle injury over liver injury to the increase in liver function tests, meaning that most of the elevation of the traditional biomarkers of liver injury likely do not reflect liver damage because of the direct correlation with muscle markers. As participation in endurance events continues to increase, it is imperative to be able to understand normal physiological changes in the body. Importantly, none of the respondents of the postrace survey sought medical attention, demonstrating that these increased biomarker levels were physically tolerated without short-term harm.
A major limitation of this study is the lack of absolute causality of the increased biomarker levels. Biomarkers such as AST and ALT come from multiple sources, including liver, muscle, and plasma. 11, 12, 18, 23, 25, 26 Previous studies have not shown a change in GGT after endurance events, therefore demonstrating that the majority of the increase in these levels may be muscular in origin rather than liver. 3, 13, 21, 28 Another limitation of this study is the relatively small sample size and the lack of a sample size estimate to determine power, which marginalizes the results. 
conclusion
Ultramarathon running causes significant increases in traditional liver and muscular serum biomarkers. It seems likely that these biomarkers are due to muscle enzyme release rather than that of the liver.
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